Abstract: Fine-grained (average gain size 3.8 µm) and coarse-grained (average gain size 24.9 µm) Al-Zn-Mg-Cu alloys were subjected to isothermal compression at 10 −3 s −1 and temperature ranges from 300 • C to 450 • C. The grain structures after isothermal compression were observed by electron backscatter diffraction (EBSD). The results show that the continuous dynamic recrystallization (CDRX) mechanism dominated to form sub-grains in grain interiors during isothermal compression of coarse-grained materials, and sub-grains were gradually developed in grain interiors as the effective strain increased. Discontinuous dynamic recrystallization (DDRX) was the main recrystallization mechanism during isothermal compression of fine-grained materials, in which finer recrystallized grains were formed at grain boundaries. The temperature of isothermal compression had little influence on the recrystallization when the growth of recrystallized grains was slight, and sub-grains were hardly developed in fine-grain interiors.
Introduction
Dynamic recrystallization has been studied extensively, including recrystallization in hot rolling [1, 2] , hot extrusion [3, 4] , and hot forging [5, 6] . Generally, the finer grain structure of aluminum alloy brings better mechanical properties for enhancing grain boundary strengthening [7] [8] [9] [10] . Roven et al. [11] found that the ultimate tensile strength increased significantly in a finer grain structure while the ductility almost remained the same. In addition, the grain structure of aluminum alloy containing mainly fine sub-grains, improving its corrosion resistance for precipitation free zones (PFZs), was hardly formed along low angle boundaries [12, 13] . Naeini et al. [14] found that pitting corrosion resistance of 5052 aluminum alloys was diminished with a finer grain structure. Wei et al. [15] found that the size and the amount of pitting corrosion in an ultra-fine grained UFG Al-Mn alloy sample was lower compared to a coarse-grained (CG) sample. The grain structures are mainly controlled by dynamic recrystallization during hot deformation, thus it is important to understand dynamic recrystallization behavior and recrystallization mechanisms.
Isothermal compression of aluminum alloys has been studied for a long time to understand dynamic recrystallization behavior under various conditions [16] [17] [18] [19] . Generally, recrystallized grains increase as the temperature of isothermal compression increases [20] or strain rate [21] decreases, but the average size of recrystallized grains increases slightly. Besides, isothermal multi-direction forging (MDF) with continuous dynamic recrystallization (CDRX) mechanism has also been substantially reported in recent years, which is employed to grain refinement by transformation of lower angle grain boundaries (LAGBs) formed at early stages into higher angle grain boundaries (HAGBs) [22, 23] . Another dynamic recrystallization mechanism is discontinuous dynamic recrystallization (DDRX), in which fine recrystallized grains were formed at grain boundaries [24] .
The grain structure of material that is subjected to hot compression may have large differences with different situations; the grain structure may have big differences after isothermal compression. Although various initial materials with different grain sizes that are subjected to isothermal compression has been studied, the influence of grain size on recrystallization mechanisms and recrystallization behavior is not obvious. However, when the initial grain size of initial materials that are subjected to isothermal compression is small enough, the effect of the grain size of aluminum alloy on the recrystallization behavior and recrystallization mechanism during isothermal compression has not been reported until now. In order to fill this gap, Al-Zn-Mg-Cu alloys with an average grain size around 25 µm or 4 µm were subjected to isothermal compression to study the influence of grain size on the recrystallization behavior and recrystallization mechanism.
Material and Methods
The aluminum alloy used in this study was Al-Zn-Mg-Cu alloy with Al-5.47Zn-2.19Mg-2.11Cu-0.12Zr-0.01Cr-0.1Fe-0.01Mn (wt.%). Two different initial materials that were subjected to isothermal compression were produced by extrusion and equal-channel angular pressing (ECAP) of cylindrical samples (20 mm diameter by 100 mm long), respectively. The coarse-grained materials were processed by extrusion at 400 • C from a diameter 40 mm to 20 mm, and then they were subjected to solution heat treatment at 470 • C for 2 h and water quenched before isothermal compression. The fine-grained materials were produced by ECAP at 400 • C with twelve passes, and then they were subjected to solution heat treatment at 470 • C for 2 h and water quenched before isothermal compression. The EBSD maps of two different starting materials are shown in Figure 1 . The average size of the coarse-grains materials was 68 µm along the extrusion direction and 24.9 µm perpendicular to the extrusion direction. The average size of the fine-grained materials was 3.8 µm along the extrusion direction and 3.6 µm perpendicular to the extrusion direction. For the sake of the initial materials with two different grain sizes, they were subjected to solid solution heat treatment at 470 • C for 2 h and adequate recrystallization occurred; the preliminary crystallographic was almost the same with cube texture.
Cylindrical specimens with a size of Φ7 × 10 mm 2 was machined from the center of the extrusion materials and ECAP materials. Isothermal compression was carried out at strain rates of 10 −3 s −1 and temperatures ranged from 300 • C to 450 • C to an effective strain of 1.2. These samples were heated to the target temperature at a rate of 20 • C/s and held for 5 min before compression. Isothermal compression was then performed on Gleeble-3500 with a lubricant powder of boron nitride, and rapid water quenching was performed after isothermal compression.
Microstructural analysis was carried out in the central part of the specimen, which was perpendicular to the compression axis, by electron backscattering diffraction pattern analysis using a field emission gun-environmental scanning electron microscopy (FEG-SEM, ZEISS, Berlin, Germany) FEI device equipped with an HKL Channel 5 EBSD system. The samples that isothermal compression for EBSD were prepared by electro polishing in a solution of 10% HClO 4 and 90% C 2 H 5 OH at 20 • C, the step size during acquisition is 0.9. The EBSD data were collected using HKL Channel 5 software (version 1, ZEISS, Berlin, Germany). The average grain size were evaluated using the line-intercept technique, the low-angle boundaries (LABs) with 2 • and 15 • in the EBSD maps are depicted as thin lines while the high-angle boundaries (HABs) >15 • are depicted as thick lines.
The microstructure characterization was also carried out by transmission electron microscopy (TEM, FEI, Philadelphia, PA, USA) techniques in the central part of the specimen, which is perpendicular to the compression axis. The preparation of TEM is about 50 µm foil, then the twin-jet Figure 1 . The initial EBSD maps that were subjected to isothermal compression: coarse-grained materials (a) along the extrusion direction, (b) perpendicular to the extrusion direction, and finegrained materials (c) along the compression direction, (d) perpendicular to the compression direction.
Results

Effect Initial Grain Size on the True Stress-Strain Curves during Isothermal Compression
Fine-grained and coarse-grained aluminum alloy were subjected to isothermal compression at 10 −3 s −1 and temperatures of 300 °C, 350 °C, 400 °C, and 450 °C to an effective strain of 1.2, the true stress-strain curves are shown in Figure 2 . Two stages are included in these stress-strain curves, the effective stress increases to the maximum quickly at the first stage for increasing dislocations rapidly, and then drop gradually to be stable at the second stage for the occurrence of dynamic recrystallization or dynamic recovery to balance the number of dislocations. For coarse-grained alloy, the stress decreases gradually as the temperature increased from 300 °C to 450 °C during isothermal compression, and the maximum stress decreases from about 65 MPa to 20 MPa. Because the grain boundary strengthen is much stronger in fine-grained alloy than in the coarse-grained alloy, the true stress is much higher in the fine-grained alloy, and the maximum stress decreases gradually from 110 MPa to 30 MPa as the temperature increased from 300 °C to 450 °C. 
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Effect of Initial Grain Size on Recrystallization after Isothermal Compression
Discussion
Effect of the Initial Grain Structure on the Dynamic Recrystallization Mechanism
Isothermal compression was performed at 10 −3 s −1 and temperature ranges from 300 °C to 450 °C for coarse-grained materials. The CDRX mechanism dominated to form sub-grains in the grain interiors, as seen in Figure 3 . The size of the sub-grains can be written as Equation (1) .
Where k1 and k2 are constants, D is the sub-grains' size, and Z is the Zener-Hollomon parameter [27] . For the sake of the Z value decreasing as the temperature increases, the D value would increase when the temperature increases. Thus, the average size of the sub-grains increased gradually when the temperature of isothermal compression increased from 300 °C to 450 °C, as seen in Figure 5b .
However, when the temperature of isothermal compression was performed at 10 −3 s −1 for finegrained materials, almost no sub-grains were developed in grain interiors, as seen in Figure 4 . The DDRX mechanism dominated to form recrystallized grains at grain boundaries. If sub-grains can develop in grain interiors with isothermal compression of fine-grained materials, as seen in Equation (1), the size of the sub-grains that formed with isothermal compression of fine-grained materials should be close to the size of sub-grains formed with isothermal compression of coarse-grained materials which shared the same Z value. But the average grain size with isothermal compression of fine-grained materials is smaller than the average sub-grain size with isothermal compression of coarse-grained materials, as seen in Figure 5b , thus almost no sub-grains were developed in grain interiors. Figure 6 shows the evolution of grain structure with isothermal compression of coarse-grained materials at 10 −3 s −1 and 400 °C. For the effective strain of 0.22, Figure 6a shows that only a few sub- 
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easier to move to grain boundaries during isothermal compression due to shorter grain boundary distance, leading to grain boundary bulging occurring to form DDRX grains. Thus, almost no subgrains were formed with isothermal compression of fine-grained alloys. Figure 9b shows finer recrystallized grains were formed at grain boundaries via the DDRX mechanism with isothermal compression of fine-grained materials at 400 °C. Figure 9 . TEM maps after isothermal compression at 400 °C with different starting materials: (a) LAGB (low angle grain boundary) and dislocation wall in coarse-grained materials, (b) coarsegrained materials, and (c) fine-grained materials.
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